Objectives: To determine the fluoroquinolone resistance determinants in Salmonella enterica serovar Schwarzengrund from imported foods.
Introduction
An estimated 1.4 million Salmonella infections occur in the USA each year, accounting for 9.7% of total foodborne illnesses and 30.6% of total deaths resulting from foodborne infections. 1 Because 95% of Salmonella infections are related to food transmission of Salmonella, 1 the prevention and surveillance of Salmonella strains in food markets would greatly benefit public health.
Salmonella enterica serovar Schwarzengrund is the first reported fluoroquinolone-resistant Salmonella introduced to the USA due to a patient who had travelled to the Philippines. 2 Surveys of Salmonella Schwarzengrund from Denmark, Thailand and the USA suggest that multidrug-resistant Salmonella Schwarzengrund is spreading internationally, partly due to the transmission of bacteria from chicken to humans in Thailand and from imported Thai food products to humans in Denmark and the USA. 3 Salmonella Schwarzengrund is one of the few serovars of S. enterica causing invasive salmonellosis. 4 With limited numbers of antibiotics available for treatment, antibiotic resistance may increase the risk of invasive salmonellosis, which has a high hospitalization rate. 5 In this study, three Salmonella Schwarzengrund isolates from imported foods were characterized for antibiotic susceptibility and resistance determinants. Because fluoroquinolones are major antibiotics used to treat Salmonella infections, the presence of known fluoroquinolone resistance mechanisms, including mutations in the quinolone resistance-determining regions (QRDRs), the presence of plasmid-mediated quinolone resistance determinants (Qnr) and the enhancement of multidrug efflux pumps (RamA) were determined. We also investigated the role of ramR deletion in strain 75.
Materials and methods

Bacterial strains
Three S. enterica serovar Schwarzengrund (30, 75 and 487) and two serovar Saintpaul (ST2 and ST24) 6 isolates were obtained from the FDA Pacific Regional Laboratory (PRL-SW), which had collected them between 2000 and 2007. Strain 30 was isolated from a tenderized squid roll imported from Taiwan in 2001, strain 75 was isolated from dehydrated small chillies imported from Thailand in 2001 and strain 487 was isolated from barberry bark imported from Pakistan in 2007. These Salmonella Schwarzengrund isolates were shown to be different by PFGE (T. Akiyama and A. A. Khan, unpublished results).
Antibiotic susceptibility test
The Salmonella Schwarzengrund strains were tested for susceptibility to 16 antibiotics on Mueller-Hinton agar (Difco Laboratories, Detroit, MI, USA) by the disc agar diffusion method. Susceptibility and resistance were determined in accordance with the criteria of the CLSI. 7 In addition, Etest (AB Biodisk, Solna, Sweden) was used to further determine the MICs of drugs for the three Salmonella Schwarzengrund wild-types as well as strain 75 with a ramR recombinant plasmid (pBBR1-RamR) against ciprofloxacin.
PCR detection of qnr genes
Salmonella isolates were screened for the presence of the quinolone resistance genes qnrA, qnrB and qnrS. The primers and PCR conditions are described in Table 1 . Briefly, total DNA was extracted from overnight cultures of Salmonella isolates using a DNeasy w Blood and Tissue Kit (Qiagen, Valencia, CA, USA). The PCR mixture, with a final volume of 20 mL, contained 1 mL of template DNA, 1× PCR buffer, 200 mM of each dNTP, 0.25 mM of forward and reverse primers, and 2.5 U of Taq DNA polymerase (Qiagen). The PCR cycle conditions were as follows: 5 min at 958C; 30 cycles of 40 s at 948C, 60 s at the optimal annealing temperature listed in Table 1 and 90 s at 728C; and a final elongation step for 10 min at 728C. The PCR products were analysed by electrophoresis in 1× Tris-acetate-EDTA buffer at 50 V for 85 min on 1.2% agarose gels.
PCR amplification and sequencing of QRDRs, ramR and the ramR-A intergenic region PCR amplifications of gyrA, gyrB, parC, parE, ramR and the ramR-A intergenic regions were performed using the primers listed in Table 1 and the conditions described above. The PCR products were cloned using the TA Cloning w Kit (Invitrogen Corp., Carlsbad, CA, USA) and sent for sequencing to the University of Arkansas Medical Sciences, Little Rock, AR, USA. For sequencing ramR and the ramR-A intergenic region, PCR products were purified using a QIAquick w PCR Purification Kit (Qiagen) and sent for sequencing. DNA sequences were analysed with Lasergene software (DNASTAR, Inc., Madison, WI, USA). The sequences of the S. enterica serovar Schwarzengrund (30, 75 and 487) ramR gene have been submitted to the GenBank database under accession numbers JF43839, JF43840 and JF43841, respectively.
Efflux pump inhibition
To determine whether antibiotic resistance was related to efflux pumps, antibiotic susceptibility was determined in presence of carbonyl cyanide m-chlorophenylhydrazone (CCCP). Because CCCP can inhibit bacterial growth, 8 the MICs of CCCP for the three strains of Salmonella Schwarzengrund were determined by broth microdilution. The MIC of CCCP for strains 30 
Expression analyses of efflux and regulator genes
Expression of acrB, soxS, marA, rob and ramA was determined using quantitative reverse transcriptase (qRT)-PCR, as described by O'Regan et al. 9 Briefly, overnight cultures in Luria-Bertani (LB) broth were diluted 100-fold in 125 mL sterilized flasks and incubated for 3 -3.5 h at 378C and 100 rpm. The optical density was measured using an Ultraspec 3100 pro Spectrophotometer (Pharmacia Biochem Ltd, Cambridge, UK) to determine the early to mid-log phase of bacterial growth. Inocula were treated with RNAprotect TM Bacteria Reagent (Qiagen) and then total RNA was extracted using an RNeasy w Mini Kit (Qiagen). Total RNA was treated with TURBO TM DNase (Ambion, Austin, TX, USA). qRT-PCR was performed using an EXPRESS One-Step SYBR w GreenER TM Kit (Invitrogen Corp.) using a final volume of 10 mL, with an RNA concentration of 10 ng/mL for target genes and 0.1 ng/mL for the reference gene. The 16S rRNA gene was used as the reference gene and samples without transcriptase were prepared to determine DNA contamination. Two antibiotic-susceptible Salmonella Saintpaul strains (ST2 and ST24) 6 were used as controls. Strain ST24 was used to calculate the relative expression of target genes, using the 2 2DDCT (Livak) method (Bio-Rad Laboratories, Richmond, CA, USA).
Complementation
To determine the role of a deletion mutation of ramR in ciprofloxacinresistant strain 75, ramR from a susceptible strain was introduced. The coding region of the ramR gene of Salmonella Saintpaul strain ST2 was amplified by PCR using ramR-A primers (Table 1 ) and subcloned into broad-host-range vector pBBR1MCS-2. 10 The resulting recombinant plasmid was transformed into One Shot w TOP10 Chemically Competent Escherichia coli (Invitrogen Corp.) and selected on LB plates containing 50 mg/L kanamycin. Selected E. coli clones were screened for recombinant plasmids by plasmid extraction followed by PCR amplification of the inserts, using the same primers used to construct the ramR insert. The recombinant plasmid was then electroporated into ciprofloxacinresistant strain 75 using a Gene Pulser Xcell Electroporation System (Bio-Rad Laboratories, Hercules, CA, USA) with a 0.2 cm cuvette (Bio-Rad Laboratories) and selected by incubating on an LB plate containing 50 mg/L kanamycin.
MIC determination by broth microdilution method
The MIC of ciprofloxacin for ciprofloxacin-resistant strain 75 with a recombinant plasmid carrying ramR obtained by Etest was confirmed by the broth microdilution method described by the CLSI and Wiegand et al. 7, 11 Briefly, an overnight-grown culture was diluted to 1 : 100 in LB broth with or without 50 mg/L kanamycin and incubated at 378C, 100 rpm for 3.5 h. The inoculum was resuspended in 0.85% NaCl solution and adjusted to an optical density at 625 nm of 0.08-0.10 using an Ultraspec 3100 pro Spectrophotometer (Pharmacia Biochem Ltd). Resuspended cells were further diluted to 1 :100 in Mueller-Hinton broth. Meanwhile, Mueller-Hinton broths containing different concentrations of ciprofloxacin were prepared. On a BD Falcon TM Clear 96-well Microtest TM Plate (BD, Franklin Lakes, NJ, USA), 100 mL of Mueller-Hinton broth with or without ciprofloxacin and 100 mL of cell suspension were applied and incubated at 378C for 20 h. The optical density at 610 nm was measured using a SpectraMax w Plus 384 Microplate Spectrophotometer (Molecular Devices, Inc., Sunnyvale, CA, USA).
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Results
Antimicrobial susceptibility testing indicated that all strains were resistant to bacitracin, sulfisoxazole and nalidixic acid, while strains 30 and 75 were resistant to tetracycline, chloramphenicol and streptomycin (Table 2) . Strain 487 was also resistant to streptomycin, but the level of resistance was lower than strain 30 and 75. In addition, strain 30 showed no zone of inhibition with kanamycin and trimethoprim, while strains 75 and 487 were resistant to ampicillin. Strain 75 indicated high resistance to all fluoroquinolones tested. Further analysis of ciprofloxacin resistance using Etest strips confirmed that strain 75 is highly resistant to ciprofloxacin, with an MIC of .32 mg/L (Table 3) . To examine whether antibiotic resistance was related to efflux pumps, levels of resistance to ampicillin, tetracycline, chloramphenicol, nalidixic acid, ciprofloxacin, norfloxacin, levofloxacin and moxifloxacin were determined in the presence of CCCP. The levels of antibiotic resistance did not differ with the presence or absence of CCCP at concentrations of 4 and 8 mg/L (data not shown). To eliminate the possibility of CCCP concentrations not being sufficient to inhibit efflux pumps, concentrations (16 and 32 mg/L) higher than the MICs of CCCP for the three strains were added to Mueller -Hinton agar plates. Strains 30 and 487 did not grow in the presence of 16 mg/L CCCP. Strain 75 grew at 16 mg/L, but growth was not sufficient to form a lawn of bacteria.
Because levels of resistance to fluoroquinolones were different among strains, we surveyed for known quinolone resistance determinants, including mutations in gyrA, gyrB, parC and parE, and the presence of qnrA, qnrB and qnrS (Table 3 ). In gyrA, the Multidrug-resistant Salmonella Schwarzengrund from imported food substitutions Ser83Phe or Ser83Tyr were observed in all strains, while strain 75 also carried the substitution Asp87Gly. Mutations were also observed in parC: the substitution Asp110Glu was noted for all strains, and the substitution Thr57Ser was noted for strains 75 and 487. Functional mutation was not observed in either gyrB or parE. PCR-based detection of qnrA, qnrB and qnrS with two different primer sets could not amplify these genes from all strains, suggesting they do not carry qnr-related resistance determinants.
Elevated resistance to fluoroquinolones can be mediated by an increased activity of efflux pumps and their regulatory genes, such as marA, soxS, rob and ramA. Expression analyses of acrB, ramA, marA, soxS and rob using real-time RT-PCR revealed that strain 75 expressed ramA 7.6-fold higher than the antibiotic-susceptible strain of Salmonella Saintpaul used as a control, while strains 30 and 487 expressed ramA at a relatively low level (Figure 1 ). The expression of acrB, marA, soxS and rob in the test strains did not significantly differ from that in the control strain.
To determine whether the overexpression of ramA is associated with mutations in a ramA regulatory gene, ramR and the ramR-A intergenic region were amplified and sequenced. Strains 30 and 487 carried single-nucleotide substitutions at two locations, which did not cause any mutation in the transcribed mRNA ( Figure 2) . Amplification of ramR and the ramR-A intergenic region using published primers was not successful with strain 75. Thus, a PCR primer set that covers outside of ramR and the ramR-A intergenic region was designed using published genomic sequences of S. enterica serovar Typhimurium strain LT2 (NC003197), serovar Enteritidis strain p125109 (NC011294) and serovar Schwarzengrund strain CVM19633 (NC011094). Alignment analysis of the sequence located near ramA revealed that possible Salmonella Typhimurium-specific genes are located upstream of ramA (downstream of ramR) (Figure 3) . Interestingly, the published genome of Salmonella Schwarzengrund misses ramR due to partial deletion of ramR as well as complete deletion of nfnB and ybdF. PCR amplification and sequence analysis of ramR and the ramR-A intergenic To determine the impact of the ramR mutation in strain 75 with elevated ramA expression, ramR from Salmonella Saintpaul strain ST2 was inserted in vector pBBR1MCS-2 (pBBR1-RamR) and introduced into strain 75. The levels of ciprofloxacin resistance in strain 75 carrying vectors with (pBBR1-RamR) and without (pBBR1) a ramR insert were tested using Etest strips. The MIC of ciprofloxacin for strain 75 with pBBR1-RamR was lower than for strain 75 with pBBR1 (32 and .32 mg/L, respectively) ( Figure 4a ). The MICs of ciprofloxacin were further evaluated using the broth microdilution method. The MIC of ciprofloxacin for strain 75 with pBBR1-RamR was lower than strain 75 with pBBR1 (64 and 32 mg/L, respectively) (Figure 4b ). The introduction of a vector and addition of 50 mg/L kanamycin to the medium did not affect the MICs of ciprofloxacin for strain 75 (Figure 4b) . However, the addition of kanamycin decreased the optical density of strain 75 with pBBR1-RamR from 0.45 to 0.13 (Figure 4b ), indicating the need for the addition of kanamycin to sustain the ramR-carrying vector in strain 75. Further determination of MICs with addition of kanamycin to the medium confirmed that complementation of strain 75 with pBBR1-RamR decreased the MIC of ciprofloxacin from 48 to 24 mg/L (Figure 4c ). Interestingly, a gradual decrease in the optical density of the cells corresponded to the increase in ciprofloxacin concentrations in the medium.
Discussion
S. enterica serovar Schwarzengrund is rarely detected in the USA. According to a report from the CDC, Salmonella Schwarzengrund is not listed in the 20 most frequently detected Salmonella serovars in human and non-human clinical sources, but was ranked the 14th most frequently detected serovar in non-human, nonclinical sources in 2006. 12 Although Salmonella Schwarzengrund is not a common cause of salmonellosis in the USA, this serovar has been causing outbreaks due to contaminated dry dog food 13 and nosocomial infections.
14 A 9 year (1990 -98) study of the presence of Salmonella in imported and domestic seafood products carried out by the US FDA indicated that Salmonella Schwarzengrund is rarely detected in seafood and from Southeast Asia. 15 Our strains were also isolated from imported food from Southeast Asian countries. Previous studies indicated that multidrug-resistant Salmonella Schwarzengrund are transmitted from chicken to humans in Taiwan and Thailand, 3, 16 and from imported food from Thailand to humans in Denmark and the USA. 3 Detailed study is necessary for the surveillance of antibiotic resistance determinants and Salmonella Schwarzengrund in imported food, in order to prevent the further spread of multidrug-resistant Salmonella Schwarzengrund and protect public health.
Analysis of ciprofloxacin resistance determinants revealed that all strains carry a single or double mutation in gyrA and parC, but not in gyrB and parE. Substitution mutations at codons Ser83 and Asp87 are commonly reported in quinolone-resistant E. coli and Salmonella spp. 17, 18 The double mutation in Ser83 and Asp87 is related to elevated quinolone resistance in E. coli.
19,20
Giraud et al. 21 reported that the double mutation in Ser83 and Asp87 increased resistance to fluoroquinolones in in vitro-induced fluoroquinolone-resistant Salmonella Typhimurium. Zheng et al. 22 also reported that a strain with a double mutation had a higher level of ciprofloxacin resistance than a strain with a single substitution at Ser83 in in vitro-induced fluoroquinolone-resistant Salmonella Typhimurium. In this study, Salmonella Schwarzengrund, highly resistant to ciprofloxacin, carried a double mutation in Ser83 and Asp87. Although the latter report and our results on high-level fluoroquinolone resistance are more likely related to a double mutation in gyrA, the contributions of increased efflux pump and its activators to fluoroquinolone resistance cannot be ignored. Mutations in parC in fluoroquinolone-resistant Salmonella may not be as common as gyrA mutations. 18, 23, 24 Our strains carried a single mutation in Asp110 or had an additional mutation in Thr57. To the best of our knowledge, the substitution in Asp110 seen in our strains has not been previously detected. A single mutation in Thr57 in parC alone was reported to cause elevated fluoroquinolone resistance in Salmonella. 25 Between strains carrying a single substitution in Asp110 and strains with an additional mutation in Thr57, the MICs of ciprofloxacin do not differ. Thus, the addition of a mutation in Thr57 may not increase ciprofloxacin resistance levels in the presence of a mutation in Asp110.
Qnr can also help to increase resistance against quinolones through the expression of gyrase protection proteins. 26 Qnr were not detected in our three strains of Salmonella Schwarzengrund. One out of 516 quinolone-resistant Salmonella isolated in France carried qnrA, 27 whereas 8 and 2 out of 335 ciprofloxacinresistant Salmonella isolates in the USA were positive for qnrB and qnrS, respectively. 28 Thus, plasmid-mediated quinolone resistance may not be a major mechanism in quinolone-resistant Salmonella.
Ciprofloxacin-resistant Salmonella Schwarzengrund carried a truncating mutation in ramR and overexpressed ramA in the absence of antibiotic. The ramR gene, located upstream of ramA, is a TetR-family transcriptional repressor according to its amino acid sequence and negatively regulates the expression of ramA. 10 Disruption of ramR by insertion of the IS1 element was related to high levels of fluoroquinolone resistance in Salmonella Typhimurium DT204 strains. 10 Natural deletion of the partial ramR gene shown in our strain was restored by introducing the ramR insert; as a result, the ciprofloxacin resistance level was decreased. Our results confirmed that ramR deletion can cause elevated ciprofloxacin resistance. It has been reported that overexpression of ramA is related to ciprofloxacin or tigecycline resistance in Klebsiella pneumoniae and S. enterica.
9,29 -32 ramA is a homologue of marA, soxS and rob, global transcriptional regulators that positively regulate genes with a marbox promoter, including the efflux pump genes acrB and tolC. 32 -35 It has been reported that the overexpression of ramA increases acrB expression, causing reduced susceptibility to antibiotics. 10, 36, 37 The expression of acrB in our ramA-overexpressing ciprofloxacin-resistant Salmonella Schwarzengrund strains was not higher than in the antibioticsusceptible Saintpaul strains used in this study. 6 According to the results reported by Ricci and Piddock, 37 disruption of ramR did not increase acrB expression as high as introduction of ramA using IPTG-inducible plasmid increased. This result suggests that much higher expression of ramA than disruption of ramR induced is necessary to increase acrB expression.
Interestingly, the addition of CCCP did not reduce the level of antibiotic resistance. CCCP is known to inhibit efflux pumps requiring proton motive forces, such as AcrB-TolC, and increases the accumulation of substrates inside bacterial cells. 33, 37 The inhibition of efflux pumps by CCCP is concentration dependent 38 and high concentrations of CCCP can reduce bacterial growth. 8 The addition of an efflux inhibitor to antibiotic susceptibility tests may not be adequate for determining the contributions of efflux pumps to antibiotic resistance. It is possible that high-level ciprofloxacin resistance and the overexpression of ramA are related to efflux pumps or outer membrane porins that are not inhibited by CCCP. 33 Another explanation for this phenomenon would be that an efflux pump activity that is increased by deletion of ramR is a supplemental mechanism and not a major mechanism, such as mutations on gyrA, for fluoroquinolone resistance. Efflux pump activity in strain 75 may be either not increased by overexpression of ramA or inhibited by CCCP, but is not significant enough to be detected by disc agar diffusion. Further analyses are necessary to determine the relationships between ramA overexpression and increased resistance to antibiotics. 
